New analytical methods are improving our ability to reconstruct robust species trees from multilocus datasets, despite difficulties in phylogenetic reconstruction associated with recent, rapid divergence, incomplete lineage sorting and/or introgression. In this study, we applied these methods to resolve the radiation of toads in the Bufo bufo (Anura, Bufonidae) species group, ranging from the Iberian Peninsula and North Africa to Siberia, based on sequences from two mitochondrial and four nuclear DNA regions (3490 base pairs). We obtained a fully-resolved topology, with the recently described Bufo eichwaldi from the Talysh Mountains in south Azerbaijan and Iran as the sister taxon to a clade including: (1) north African, Iberian, and most French populations, referred herein to Bufo spinosus based on the implied inclusion of populations from its type locality and (2) a second clade, sister to B. spinosus, including two sister subclades: one with all samples of Bufo verrucosissimus from the Caucasus and another one with samples of B. bufo from northern France to Russia, including the Apennine and Balkan peninsulas and most of Anatolia. Coalescent-based estimations of time to most recent common ancestors for each species and selected subclades allowed historical reconstruction of the diversification of the species group in the context of Mediterranean paleogeography and indicated a long evolutionary history in this region. Finally, we used our data to delimit the ranges of the four species, particularly the more widespread and historically confused B. spinosus and B. bufo, and identify potential contact zones, some of which show striking parallels with other co-distributed species.
Introduction
The long-term goal of Systematics is understanding the historical relationships among organisms, and a powerful tool to achieve this goal is to estimate robust species trees (Edwards, 2009) . The importance of combining information from multiple, unlinked loci in individuals from a geographically comprehensive sample to obtain robust estimates of phylogenetic relationships has been long recognized. Recently, the increased availability of molecular data and the parallel development of efficient analytical tools to extract the information have increased the accuracy of species tree estimation (Liu et al., 2008; Kubatko et al., 2009; Heled and Drummond, 2010) . New analytical tools are improving our ability to reconstruct species trees from multilocus datasets, despite difficulties associated with the processes of recent, rapid divergence, incomplete lineage sorting and/or introgression in phylogenetic reconstruction (Chung and Ané, 2011) . For instance, methodological advances related to estimation of the timing of population divergence, and in particular the incorporation in the analyses of the uncertainty associated to estimates of substitution rates and the temporal constraints imposed by the fossil record have greatly improved our understanding about the timescales involved in species formation in a wide variety of taxonomic groups (for example, Aldenhoven et al., 2010; Arora et al., 2010; Blackburn et al., 2010) . This has also led to taxonomic revision of historically problematic groups, which include widespread and morphologically undifferentiated species (for example, Gvozdík et al., 2010; Salicini et al., in press; Sanguila et al., 2011) .
Until recently, the genus Bufo contained some of the largest number of amphibian species in the world, with a total of 283 described toad species. As a result of its paraphyly it was split by Frost et al. (2006) into several genera. Far from adequately solving the systematics, this highlighted the complexity of the group. As an example, the green toad (Bufo viridis) that is widespread throughout Eurasia and parts of northern Africa, has a complex genetic structure, including differences in ploidy levels across species and populations (Stöck et al., 2006) . It was split into several species, with additional changes in green toad taxonomy expected in the near future (Stöck et al., 2006 (Stöck et al., , 2008 . Bufo bufo (Linnaeus 1758) (Anura, Bufonidae), another widespread species with an extensive Euro-Asiatic distribution, was formerly included in the B. bufo species group of Inger (1972) , including species from Europe through Asia. Recent studies have recognized a marked distinction between western and eastern species groups, some within the latter now recognized as distinct species, like B. japonicus (Matsui, 1980 (Matsui, , 1984 Igawa et al., 2006) and B. gargarizans (Gumilevskij, 1936; Matsui, 1986; Macey et al., 1998; Liu et al., 2000; Fu et al., 2005) . Here we focus on the western species group, including B. bufo and related species, that ranges from the Iberian Peninsula and North Africa in the west to northern Kazakhstan and eastern Siberia in the east (IUCN, 2009, Fig. 1 ). The boundaries of the different species and their phylogenetic relationships remain poorly known, and a recent study has shown that the actual species diversity in the group is underestimated (Litvinchuk et al., 2008) , highlighting the need for more work. Litvinchuk et al. (2008) described a new species from the Talysh Mountains in south Azerbaijan and Iran, B. eichwaldi, which is morphologically and genetically distinct from B. bufo, and discussed its relationships with B. bufo and B. verrucosissimus. However, their study lacked comprehensive sampling and did not include populations from western Europe, which in turn prevented a thorough re-evaluation of the status of B. bufo -in particular, the delineation of the ranges of the most widespread subspecies: B. b. bufo and B. b. spinosus, whose type localities are in Sweden and southern France, respectively (Frost, 2011) . The three subspecies traditionally recognized in B. bufo (B. b. bufo, B. b. gredosicola, and B. b. spinosus) (Dubois and Bour, 2010) were originally described based on morphological differences. Additionally, Litvinchuk et al. (2008) , based on allozyme data, suggested that the available name B. b. palmarum be used for the Italian populations of this species. In any case, the relative ranges and potential areas of overlap between the different subspecies remain unknown and their taxonomic status is disputed because of the lack of consistence of purported diagnostic characters across populations (see for instance De Lange, 1973; Lüscher et al., 2001; García-París et al., 2004) . Preliminary mtDNA studies based on partial sequences of the control region did not find evidence for geographical structuring of populations of B. bufo in the Iberian Peninsula, where up to three subspecies have been reported; instead, the Iberian populations form a well-supported clade with respect to north African samples (Martínez-Solano and González, 2008) . Within the Caucasian species Bufo verrucosissimus, three to four morphological subspecies are currently recognized (B. v. verrucosissimus, B. v. turowi, B. b. circassicus, and B. b. tertyschnikovi; see Orlova, Tuniyev, 1989; Kidov, 2009) ; but their taxonomic status remains questionable (Kuzmin, 1999; Litvinchuk et al., 2008) . Also, the distribution limits of B. verrucosissimus and B. bufo in North Anatolia are unclear (Eiselt, 1965; Baran and Atatur, 1998) .
In this paper, we present a comprehensive assessment of the diversification history of the B. bufo species group in Europe using molecular data from the mitochondrial and nuclear genomes, including all described species and subspecies with full geographic coverage. In particular, the objectives of our study are: (1) resolving phylogenetic relationships between species in the widespread B. bufo species group; (2) reconstructing well-dated Fig. 1 . Sampling localities (see also Table 1 ). Blue dots represent samples of Bufo bufo, and red dots, B. spinosus. The distribution of B. bufo and B. spinosus is shown in the inset, which shows also the location of the three easternmost samples in our dataset. The distributions of B. verrucosissimus (orange dots) and B. eichwaldi (green dots) are shaded. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and robust paleobiogeographic scenarios for the evolution of the group, and (3) use this information to delineate the ranges of the species and identify potential contact zones.
Material and methods

Sampling and sequencing
A total of 232 individuals of B. bufo sensu lato (i. e., including all currently recognized subspecies) and related species (B. verrucosissimus and B. eichwaldi, including all currently recognized subspecies, see Kutrup et al., 2006; Litvinchuk et al., 2008; Sinsch et al., 2009) were included in the study (Table 1, Fig. 1 ). We collected samples across all the species ranges, with a focus in the three main southern peninsulas in Europe, and including populations from North Africa (Morocco and Tunisia), Caucasian isthmus and Anatolia. As outgroups we included nine samples from other species previously considered part of the B. bufo species group (in the ''eastern species group'' cited above): B. bankorensis, B. gargarizans, B. japonicus, and B. torrenticola (Table 1) .
Genomic DNA was extracted from tissues (tail or toe clips), preserved in 95% ethanol or frozen, using commercial kits (Nucleospin). We amplified by polymerase chain reaction (PCR) and sequenced fragments of two mitochondrial genes (16S and cytochrome b, cyt-b) in all 241 samples, and four nuclear genes (proopiomelanocortin: POMC, chemokine (C-X-C) receptor 4: CXCR4, brain-derived neurotrophic factor: BDNF, and ribosomal protein L3: RPL3) in 52-55 samples representing all major mtDNA clades (see Table 1 ). PCR conditions followed standard procedures (see Martínez-Solano and González, 2008) , with primers and annealing temperatures listed in Table 2 .
Molecular diversity, neutrality and recombination tests
Number of haplotypes and values of mean haplotype (h) and nucleotide diversities (p) (Nei, 1987) for mtDNA (16S + cyt-b) were estimated within and between species using DnaSP v5.0 (Librado and Rozas, 2009). Genetic distances within and between species were calculated with MEGA5 (Tamura et al., 2011) . To test whether the data were consistent with neutral expectations, we also calculated Tajima's D statistic (Tajima, 1989) and Fu and Li's (1993) D and F statistics for each locus using DnaSP. Recombination in the nuclear markers was assessed using the pairwise homoplasy index (PHI -U -statistic, Bruen et al., 2006) implemented in Splitstree v.4.11 (Huson and Bryant, 2006) .
Phylogenetic analyses
For each data set (16S, cyt-b, POMC, CXCR4, BDNF and RPL3), the best-fit model of evolution was estimated based on the Bayesian Information Criterion (BIC) as implemented in jModeltest 1.0 (Guindon and Gascuel, 2003; Posada, 2008) . Phylogenetic analyses were based on Bayesian inference, maximum likelihood (ML) and maximum parsimony (MP) methods as implemented in MrBayes v3.1.2 (Huelsenbeck and Ronquist, 2001) , Garli version 2.0 (Zwickl, 2006) and PAUPÃ v4.10 (Swofford, 2001) respectively. Several independent analyses were run: (1) a combined mtDNA (16S + cyt-b) dataset including only one representative of each haplotype in the dataset; (2) a combined nDNA (POMC, CXCR4, BDNF and RPL3) dataset; and (3) a combined mtDNA + nDNA dataset. Bayesian and ML analyses were run with the different genes set as independent partitions, with the models selected by jModeltest. Support for branches was based on Bayesian posterior probabilities (BPPs) and bootstrap values for ML and MP analyses. For analyses with Garli, 100 bootstrap replicates were run, with five search replicates per bootstrap replicate. In PAUP, bootstrap values were estimated from 1000 replicates, with a maximum of 1000 (mtDNA, dataset 1) or 20,000 (datasets 2 and 3) trees saved per random addition replicate in order to keep computation time within reasonable bounds. Sequence alignments were deposited in TreeBase (http://purl.org/ phylo/treebase/phylows/study/TB2:S11885).
We also estimated time to most recent common ancestor (TMRCA) of selected haplogroups in the mtDNA dataset, corresponding to each species as well as geographically based haplogroups where relevant using BEAST v1.6.1 . For these analyses, we considered two partitions, one for each gene (16S and cyt-b), with substitution models selected based on jModeltest results, and a relaxed (uncorrelated-lognormal) clock model, since preliminary runs showed it fit the data better than a strict clock model (i.e., the 95% highest posterior density (HPD) interval for the parameter ''coefficient of variation'' did not include zero). We specified a substitution rate sampled from a normal distribution with a mean of 0.0069 and a standard deviation of 0.0017 substitutions per site per million years, based on rates estimated by Macey et al. (1998) in related species. We used fossil data as prior information to set bounds on some TMRCAs, based on the oldest fossil remains of B. bufo (sensu lato) and B. verrucosissimus in Europe (see Martín and Sanchiz, 2011) . There are Miocene records from fossil sites in Moldavia (9.7-11.1 million years ago -Mya) that have been assigned to B. bufo. Since at present there are no diagnostic osteological features distinguishing between species in the B. bufo group (except for B. verrucosissimus, Chkhikvadze, 1984; Ratnikov, 2001; Pisanets et al., 2009 ), the precise taxonomic assignment of these remains is uncertain, so we conservatively used this information to place a minimum age for the TMRCA of all species in the group. We implemented this by setting a prior distribution for their TMRCA following a lognormal distribution with an offset of 9.7 Mya, and 95% of the values between 10.1 and 22.2 Mya. On the other hand, the oldest fossil remains confidently assigned to B. verrucosissimus are from the Pliocene of Russia (1.81-2.59 Mya), so we used this information to set a lognormal prior with an offset of 1.81 Mya and 95% of the values between 2 and 4.5 Mya. The birth-death process was specified for the tree prior, since it is well suited to a multispecies dataset with deep genetic divergence across clades and species. Four independent runs of 25 million generations, sampling every 2500 generations, were combined, after checking for convergence and adequate effective sample sizes (ESSs) of parameters of interest using the software Tracer , to derive the median values and 95% highest posterior density intervals (HPDIs) of the corresponding TMRCAs.
Finally, we used the species tree reconstruction method implemented in ÃBEAST Heled and Drummond, 2010) to address phylogenetic relationships in the B. bufo species group. Bufo gargarizans was used as an outgroup. This analysis considered five independent partitions: 16S + cyt-b, POMC, CXCR4, BDNF and RPL3. For each of them, models of substitution were based on results of jModeltest. Clock rate and topology were unlinked in the five partitions. The birth-death process was chosen as the coalescent prior for the species tree. Three independent analyses were run for 50 million generations each, sampling every 5000 generations. Results were visualized in Tracer to check for convergence and adequate effective sample sizes (ESSs) of parameters.
Results
mtDNA
The mtDNA alignment contained 1239 sites across the 241 specimens studied (335 of them polymorphic), defining 123 haplotypes. Those more widespread and found at higher frequencies include haplotype 2 (N = 11), found in samples from the Netherlands, northern France, Germany, Belgium and Hungary (samples BB002, BB142, BB143, BB144, BB149, BB164, BB170, BB171, BB186, BB188, BB189); haplotype 6 (N = 11), in samples from southern France and north-eastern Spain (Pyrenees) (samples BB006, BB012, BB117, BB118, BB147, BB166, BB191, BB193, OBYX6, OBYX9 and OBYX19); and haplotype 9 (N = 25), in samples from Serbia, Hungary, Slovakia, Ukraine, Russia, and Romania (samples BB14, BB33, BB34, BB35, BB44, BB52, BB53, BB74, BB75, BB76, BB105, BB123, BB126, BB127, BB128, BB159, BB160, BB161, BB162, BB163, BB180, BB181, BB185, RO1, RO3) ( Table 1) . Phylogenetic analyses based on mtDNA data produced a well-resolved tree ( Fig. 2A) , with B. eichwaldi as the sister group of two clades (BPP = 1.0/MP bootstrap = 100/ML bootstrap = 100). Clade 1 (subsequently referred to as Bufo spinosus, see below) includes samples from North Africa, the Iberian Peninsula and France (1.0/100/100). Bufo spinosus is sister (1.0/97/100) to Clade 2 (1.0/100/100), which includes two subclades: one comprising samples from all other populations of B. bufo, from northern France to Siberia, including the Apennine peninsula and Sicily, the Balkan Peninsula and most of Anatolia (1.0/96/91), and another, weakly supported clade (<0.90/64/52), including all samples of B. verrucosissimus. At least three major subclades are recovered within B. spinosus: (1) samples from Morocco (1.0/100/100); (2) samples from Tunisia (1.0/100/ 99); and (3) samples from the Iberian Peninsula and most of France (1.0/100/100). Samples from Morocco and Tunisia are closely related to one another (1.0/100/99). Within B. bufo there are several well-supported clades, including: (1) southern Italy and Sicily (1.0/ 90/82); (2) the remaining samples from Italy (center and north) plus samples from the Balkans in Serbia, Montenegro, Albania, Macedonia and Greece (0.95/73/58); and (3) the remaining samples (1.0/84/79), including haplotypes found in the Balkans (Greece, Serbia, Montenegro), Anatolia, and also all samples from central, western and northern Europe (Germany, Netherlands, northern France, Belgium, Hungary, England, Poland, Russia, Ukraine, Sweden, Romania, Slovakia), which form a well-supported subclade (1.0/80/92) that includes additional samples from the Balkans (Serbia, Montenegro, Croatia) ( Fig. 2A, Table 1 ). Finally, within B. verrucosissimus there are two well-supported subclades: one mainly distributed north of the Caucasus and comprising all samples from Russia plus one sample from Abkhazia, Georgia (BB059, Malaya Ritza lake) (1.0/80/73); and a second one including the remaining samples from southern Georgia and Turkey (0.99/ 94/91), south of the Caucasus. These groups do not reflect current subspecific assignments (Table 1) , but rather allopatric groups of populations in the northwestern slopes of the Great Caucasus versus Lesser Caucasus and southern slope of the Great Caucasus, respectively (Fig. 1, Table 1 ).
Mean pairwise (p-uncorrected ± standard deviations) genetic distances between species are presented in Table 3 and range from 1.6 ± 0.3% (between B. bufo and B. verrucosissimus) to 7.7 ± 0.7% (between B. spinosus and B eichwaldi). Within B. bufo the mean uncorrected distance was 0.8 ± 0.1%; within B. spinosus it was 1.5 ± 0.1%, and within B. eichwaldi and B. verrucosissimus, 0.1 ± 0.07% and 0.2 ± 0.08%, respectively. The B. bufo clade included 171 individuals, with 98 variable sites defining 70 haplotypes (haplotype diversity, h = 0.933). Nucleotide diversity (p) was 0.008, and the average number of nucleotide differences (k) was 9. 
nDNA
The number of polymorphic sites in the nuclear markers was nine for POMC, nine for CXCR4, five for BDNF and 65 for RPL3. Results of neutrality (Tajima's D, Fu and Li's F and D) and recombination (PHI) tests were not significant (results not shown). Nuclear DNA topologies can be found in the Supplementary content section. In all cases, haplotypes grouped together according to species designations. For instance, haplotypes in B. eichwaldi were well differentiated from those found in the other species and always formed a monophyletic group. On the other hand, haplotypes in B. spinosus were also well differentiated: they were not found in other species and represent considerable diversity. Finally, haplotypes from B. bufo and B. verrucosissimus were closely related and in most cases formed well-supported clades (Supplementary content). The combined nDNA topology is consistent with these results and similar to the mtDNA tree ( Fig. 2B) , with B. eichwaldi sister to (B. spinosus + (B. bufo + B. verrucosissimus)) (1.0/100/100). Bufo eichwaldi (1.0/89/91) and B. spinosus (1.0/84/89) were recovered as monophyletic groups. A sister group between B. spinosus and (B. bufo + B. verrucosissimus) was also well supported (1.0/89/86). Samples of B. verrucosissimus were nested within B. bufo ( Fig. 2B ) and were most similar to samples of B. bufo from Turkey (BB070) and Greece (BB117), with which they form a subclade (0.99/-/52) that, in turn, includes another subclade with samples from central and southern Italy and Sicily (OGAM2, OMON5, ORAG3, 5, see Table 1 and Fig. 1 ) (1.0/-/76).
Combined mtDNA + nDNA analyses
The combined mtDNA + nDNA topology (Fig. 3A) is very similar to the mtDNA tree, with B. eichwaldi as sister to (B. spinosus + (B. verrucosissimus + B. bufo)), with BPPs = 1.0 and bootstrap values = 100 in all cases. However, whereas the monophyly of B. eichwaldi (1.0/100/100), B. spinosus (1.0/100/100) and B. verrucosissimus (1.0/76/82) is also well supported, the monophyly of B. bufo is well supported in MP (88) but not in ML (where B. verrucosissimus is nested within B. bufo) or Bayesian (<0.9) analyses (Fig. 3A) . On the other hand, results of ÃBEAST analyses produced a fully resolved topology, with B. eichwaldi sister to (B. spinosus (B. bufo + B. verrucosissimus)), with all nodes having BPPs > 0.95 (Fig. 3B ).
Discussion
Our combination of comprehensive geographic sampling and choice of molecular markers with different substitution rates and patterns of inheritance has produced a fully resolved phylogenetic hypothesis for Eurasian and north African species in the B. bufo species group. Our results indicate an old (Miocene) origin for the current species diversity in the group, with the initial split of the ancestors of B. eichwaldi in the Caucasus, and of B. bufo (sensu lato) in the western Mediterranean region around 9-13 Mya. The congruence between the results of analyses based on mtDNA, nDNA, concatenated analyses of mitochondrial and nuclear DNA, and species trees based on the multispecies coalescent (Figs. 2 and 3) strongly support our phylogenetic hypothesis. The inferred species tree and time estimates derived from coalescent-based analyses of mtDNA data can be used to reconstruct the evolutionary history of the B. bufo species group (B. bufo sensu lato plus B. eichwaldi and B. verrucosissimus). In doing so, two facts must be kept in mind. First, TMRCA estimates refer to coalescence times in currently observed haplotype variants, and thus necessarily predate population divergence times. Although the magnitude of this difference between coalescence times and population divergence is hard to calculate (Rosenberg and Feldman, 2002) , our estimates can still be informative about the relative timing of splitting events. Second, our TMRCA estimates are dependent on our choice of nodes for fossil calibration; in this respect the decision to use Miocene fossils to calibrate the minimum time for the deepest divergence between the four species seems the most appropriate with the data at hand (i.e., in the absence of diagnostic osteological characters distinguishing species). The scenarios derived from our analyses suggest a long evolutionary history of the B. bufo species group in western Europe, which is consistent with the fossil record, that includes abundant Pliocene sites in central Europe (Germany, Romania, Poland, Hungary, Slovakia) and the Apennine and Iberian peninsulas, and Pleistocene fossils in North Africa (Morocco) (see Martín and Sanchiz, 2011) (Fig. 4) .
According to our median TMRCA estimates, and taking into account the uncertainty reflected in their corresponding HPDIs, the initial split between B. eichwaldi and the other species would have taken place in the Miocene, between about 13 and 9 Mya [which are the estimated TMRCAs of (eichwaldi + spinosus + bufo + verrucosissimus) and the latter three species, respectively], considerably older that previously estimated based on allozyme data (Litvinchuk et al., 2008) (Fig. 4A) . This biogeographic pattern (Europe-Caucasus split) is recurrent across groups, with other amphibian examples including Parsley frogs (genus Pelodytes), which have species in the Iberian Peninsula, France and northwestern Italy (P. punctatus and P. ibericus) and in the Caucasus (P. caucasicus) (García-París et al., 2003; Veith et al., 2006) ; and salamanders (the Iberian Chioglossa lusitanica and Mertensiella caucasica in the Caucasus) (Veith et al., 1998; Zhang et al., 2008) . The uplift of the Armenian Plateau and the opening of the Mid-Aegean Trench during the Miocene, which have been invoked to explain similar patterns in other groups (see Wielstra et al. (2010) and references cited therein), might also be associated with this split in the B. bufo species group. Our data show contrasting patterns of genetic diversity in the current descendants of these two ancient lineages. Bufo eichwaldi presents low intraspecific genetic diversity, although perhaps denser sampling across its range (particularly towards the Iranian end of the distribution) might reveal the existence of additional sublineages. On the other hand, species with restricted ranges are especially sensitive to major climate fluctuations, and Pleistocene glaciations may have had a major impact on genetic diversity in B. eichwaldi, as has been the case for other species that were marginally distributed in refugium areas during that period (Recuero and García-París, 2011) . This isolation might have also prevented secondary contact and introgression with other species in the group. At present at least 250 km of unsuitable woodless lowland area separates populations of B. eichwaldi from the nearest populations of B. verrucosissimus (a few records of B. bufo species group from central Azerbaijan require confirmation). There is no evidence of introgression between both species based on our nDNA analyses. Litvinchuk et al. (2008) reported seven diagnostic allozyme loci out of 24 analyzed between the two species. The Hyrcanian broad-leaved subtropical forests of Talysh and Elburz mountains are known as a relic of the Tertiary vegetation, which formerly had a much broader distribution in NW Eurasia (see Tuniyev (1999) and references cited therein). This area harbors a number of endemic amphibian and reptile species and lineages (e.g. Paradactylodon persicus, Rana pseudodalmatina, Darevskia chlorogaster, D. defilippii, Zamenis persicus, Gloydius (halys) caucasicus). Our phylogenetic scenario for the B. bufo species group provides further evidence that the Hyrcanian refugium played an important role in the formation of modern herpetological diversity of the Caucasus, Anatolia and Europe.
After the initial split, the ancestor of western European species gave rise to a much more genetically and morphologically diverse lineage, where three extant species can be readily identified. Most variation in these species is concentrated in the three major Pleistocene refugia in Western Europe: the Iberian, Apennine and Balkan peninsulas, as typically found in other widely distributed organisms in the western Palearctic (e.g., Zeisset and Beebee, 2008) . This pattern can be explained by the isolation and persistence through climatic cycles of old (Miocene and Pliocene) toad lineages, mainly in North Africa, the Caucasus and the Mediterranean peninsulas. The splitting of B. spinosus from the ancestor of B. bufo + B. verrucosissimus might be associated with the different phases of the uplift of the Pyrenees, which isolated the Iberian peninsula from the rest of western Europe during most of the Tertiary and ended about 5 million years ago (Plaziat, 1981; Oosterbroek and Arntzen, 1992) (Fig. 4B) . Based on our TMRCA estimates, the split between north African and Iberian populations of B. spinosus probably took place at the end of the Messinian Salinity Crisis 5.3 Mya or slightly thereafter (see Hewitt (2011) and references cited therein) (Fig. 4C) . Busack (1986) found three fixed allozyme differences between populations on both sides of the Strait of Gibraltar, with a genetic distance (D Nei ) of 0.16, which is consistent with this hypothesis, although more detailed assessments of North African populations, which are small and fragmented, are needed. Although no obvious pattern of genetic structure was found in Iberian populations of B. (Fig. 3A) , maximum likelihood (ML) and maximum parsimony (MP) bootstrap values, respectively. sorting in nuclear markers), perhaps with some gene flow (some of the patterns observed in the nuclear DNA topologies are consistent with this interpretation, with shared alleles between verrucosissimus and Anatolian B. bufo in some markers, see also the combined nDNA tree in Fig. 2B ). In spite of these patterns, previous studies have documented the distinctiveness of B. verrucosissimus based on morphological, ecological, and biochemical characters (Birschtein and Mazin, 1982; Orlova and Tuniyev, 1989; Kuzmin, 1999; Pisanets et al., 2009) , and there is some evidence that, whereas both species can interbreed in laboratory conditions, hybrid survival may not exceed the second generation (see Pisanets, 2001 Pisanets, , 2002 Pisanets et al., 2009) .
During the Pleistocene, major haplogroups within B. spinosus in North Africa and the Iberian Peninsula originated (Fig. 4D) , and the same is true for well-resolved subclades within B. bufo and B. verrucosissimus. Within the latter up to four morphological subspecies were recognized, with B. v. verrucosissimus occupying the major part of the species distribution in Georgia and along the southern slopes of the Great Caucasus, and B. v. turowi, B. v. circassicus, and B. v. tertyschnikovi occupying mountain areas in the northwest periphery of the species range (Orlova and Tuniyev, 1989; Kidov, 2009) . Despite significant interspecific variation of certain morphological characters, their validity has been doubted recently (Litvinchuk et al., 2008; Pisanets et al., 2009) . The subclades of B. verrucosissimus we recovered do not correspond to current subspecific designations, rather they correspond to the two major allopatric population groups from southern and northern parts of the species range and, pending more detailed morphological and ecological studies, may be regarded as independent management units in conservation planning. Our results also provide the first genetic evidence for the presence of B. verrucosissimus in Turkey (Karagol), which was not yet confirmed (Eiselt, 1965; Baran and Atatur, 1998; Kutrup et al., 2006) , and also clearly indicate that most of Anatolia is inhabited by B. bufo (s. str.), in contrast with Litvinchuk et al.'s (2008) assumption that the name B. v. verrucosissimus should be applied to all Anatolian populations. In B. bufo there is a sharp contrast between the high genetic diversity observed in the south (especially in the Apennine and Balkan peninsulas) and the genetic homogeneity of populations in the north, with haplotype sharing in samples from central and northern Europe being fairly common. Brede and Beebee (2006) found remarkably little genetic differentiation in B. bufo populations across most of Europe based on microsatellite markers. Although they did not find a deep break between populations of B. bufo and B. spinosus in their study, samples from Iberia and south France showed deviations from Hardy-Weinberg equilibrium that could reflect the occurrence of null alleles in these populations and some of them were thus not included in interpopulation comparisons. In any case, their results also suggest a very rapid colonization potential for the species, since the areas that are now occupied by populations nested in the less genetically diverse clade within B. bufo were covered by glaciers and tundra until the end of the Last Glacial Maximum (Hewitt, 1999; CGMW-ANDRA, 1999) . Based on our phylogenetic analyses, the source of this colonization could have been the Balkan Peninsula (Fig. 2) -in a pattern very similar to that observed in other amphibians, like Lissotriton vulgaris (see Babik et al., 2005 ) -or some neighboring area (see e.g. Hofman et al., 2007; Sotiropoulos et al., 2007; Canestrelli and Nascetti, 2008) .
Our results also allow delineation of the ranges of B. bufo and B. spinosus, which has long been an issue in morphological, ecological, genetic and conservation studies (Daudin, 1803; Mertens and Wermuth, 1960; Hemmer and Böhme, 1976; Lüscher et al., 2001; IUCN, 2009) . The type locality of B. spinosus is ''aux environs de Brives et de Bordeaux'', in southern France (Frost, 2011) , well within the range of our spinosus clade. According to our data, therefore, B. spinosus includes all populations in the Maghreb, the Iberian Peninsula and parts of France. The genetic distinctiveness in all markers examined with respect to B. bufo support its recognition at the species level, although a reappraisal of morphological and ecological variation within and between species in the group, based on current species limits, is still desired. Preliminary location of contact zones with B. bufo based on spatial patterns of mtDNA haplotype sharing points to: (1) the Maritime Alps between SE France and NW Italy (sample codes: OBYX, see Table 1 and Fig. 1 ), which is a well-known suture zone (sensu Swenson and Howard, 2005) for other species (see for example, Kropf et al., 2002) and (2) northern France, where there is a striking parallelism with the contact zone between the newts Triturus cristatus and T. marmoratus (Arntzen and Wallis, 1991; Arntzen et al., 2009) . These areas are worth of further fine-scale studies on the formation and maintenance of reproductive barriers between species. On the other hand, B. bufo would be distributed in northern France and the rest of Western Europe to Siberia, including the Apennine and Balkan peninsulas and most of Anatolia. The eastern limits and the potential existence of contact zones with B. verrucosissimus are still unclear, although our study will also help identify relevant areas for further study.
Our study is the first to analyze a geographically comprehensive sampling including all described species and subspecies in the B. bufo species group. The combined use of molecular markers from the nuclear and mitochondrial genomes and the adoption of a variety of analytical approaches including species tree estimation produced a fully resolved topology which will set the basis for the clarification of the taxonomy, systematics, and evolutionary history of the group and will serve as a foundation for further studies on the process of species formation.
